In this work, Bi 2 O 3-x with surface oxygen vacancies was prepared through the NaBH 4 reduction of Bi 2 O 3 . After that, carbon quantum dots (CQDs) were deposited onto the surface of the Bi 2 O 3-x to obtain a series of the CQDs/Bi 2 O 3-x composites. The HRTEM and XPS characterizations of the CQDs/Bi 2 O 3-x composites suggest that the thickness of surface oxygen vacancies could be adjusted by changing the concentration of NaBH 4 solution, and the intimate contact between CQDs and the Bi 2 O 3-x is achieved. Acid orange 7 (AO7) was adopted as the target reactant for investigating the photocatalytic degradation activities of the CQDs/Bi 2 O 3-x composites under simulated sunlight and NIR light irradiation. It is found that the photocatalytic activities of the samples are closely related to the concentration of NaBH 4 and content of CQDs. The Bi 2 O 3-x samples exhibit enhanced simulated-sunlight-driven photocatalytic activity compared with Bi 2 O 3 . Specifically, the optimal degradation efficiency of AO7 is achieved over the 3R-Bi 2 O 3-x (concentration of NaBH 4 : 3 mmol/L), which is 1.38 times higher than the degradation AO7 efficiency over Bi 2 O 3 . After the decoration of the 3R-Bi 2 O 3-x surface with CQDs, the simulated-sunlight-driven photocatalytic activity of the CQDs/Bi 2 O 3-x composite could be further enhanced. Among the samples, the 15C/3R-Bi 2 O 3-x sample reveals the highest photocatalytic activity, leading to an AO7 degradation percentage of~97% after 60 min irradiation. Different from Bi 2 O 3 and the 3R-Bi 2 O 3-x , the 15C/3R-Bi 2 O 3-x sample also exhibits near-infrared (NIR)-light-driven photocatalytic degradation activity. In addition, the intrinsic photocatalytic activity of CQDs/Bi 2 O 3-x composite was further confirmed by the degradation of phenol under simulated sunlight and NIR light irradiation. The photocurrent response and electrochemical impedance spectroscopy (EIS) measurements confirm the efficient migration and separation of photogenerated charges in the CQDs/Bi 2 O 3-x samples. The •OH and h + are proved to be the main reactive species in the simulated sunlight and NIR light photocatalytic processes over the CQDs/Bi 2 O 3-x composites. According to the above experiments, the photocatalytic degradation mechanisms of the CQDs/Bi 2 O 3-x composites under simulated sunlight and NIR light illumination were proposed.
Introduction
Recently, bismuth-based photocatalysts have been widely investigated owing to their promising application in wastewater purification [1] [2] [3] [4] [5] . In comparison with the famous photocatalyst TiO 2 and ZnO [6, 7] , bismuth-based photocatalysts generally have relatively smaller bandgap energy and exhibit
Results and Discussion

XRD and FTIR Analysis
The XRD patterns of pristine Bi2O3, 6R-Bi2O3-x and 30C/3R-Bi2O3-x are shown in Figure 1 . All the diffraction peaks of pristine Bi2O3 can be perfectly indexed to monoclinic structure of α-Bi2O3, indicating the production of high-quality Bi2O3. Notably, the 6R-Bi2O3-x and 30C/3R-Bi2O3-x samples exhibit similar diffraction patterns to that of pristine Bi2O3, suggesting that the introduction of the CQDs and NaBH4 reduction treatment does not lead to remarkable change in the crystal phase of Bi2O3. Moreover, no characteristic diffraction peaks of the CQDs are observed, which can be ascribed to their low content and weak diffraction peaks intensity. The existence of CQDs in the composite is further confirmed by FTIR investigation. Figure 2 presents the FTIR spectra of Bi2O3 and 15C/3R-Bi2O3-x. In the case of pristine Bi2O3, the peaks at 431, 509 and 525 cm −1 can be assigned to the vibrations of Bi-O bonds in α-Bi2O3 [44] [45] [46] . For the spectrum of the 15C/3R-Bi2O3-x sample, the characteristic peaks of Bi2O3 are also detected, and the deformation vibration of C-H (~635 cm −1 ), the stretching vibration of C-C (~1630 cm −1 ) and the stretching vibration of C-OH (~1120 cm −1 ) are found [47, 48] . This demonstrates the presence of CQDs in the composite. Furthermore, the absorption peaks at ~1380 cm −1 in the two samples belong to the O-H stretching vibration from the absorbed H2O molecules [49] . [44] [45] [46] . For the spectrum of the 15C/3R-Bi 2 O 3-x sample, the characteristic peaks of Bi 2 O 3 are also detected, and the deformation vibration of C-H (~635 cm −1 ), the stretching vibration of C-C (~1630 cm −1 ) and the stretching vibration of C-OH (~1120 cm −1 ) are found [47, 48] . This demonstrates the presence of CQDs in the composite. Furthermore, the absorption peaks at~1380 cm −1 in the two samples belong to the O-H stretching vibration from the absorbed H 2 O molecules [49] . Figure 3a shows the TEM image of pristine Bi2O3, revealing that Bi2O3 exhibits an irregular spindle-like shape about several micrometers in size. From the high-resolution TEM (HRTEM) image of Bi2O3 (Figure 3b ), we can see that pure Bi2O3 is well-crystallized and displays obvious lattice fringes throughout the whole particles. After reduced by 3 mmol/L NaBH4 (Figure 3c ), the edge of the 3R-Bi2O3-x sample becomes disorder and the thickness of the disordered layer is in the range from 10 to 15 nm, while the core area still exhibits a highly crystalline nature. This result suggests that the NaBH4 treatment destroys the surface crystalline structure of Bi2O3 and leads to the generation of a disordered surface layer. Increasing the concentration of NaBH4 to 6 mmol/L ( Figure  3d ), one can see that the thickness of disordered layer for the 6R-Bi2O3-x sample is found to be ~40 nm, which indicates that the thickness of the disordered layer trends to increase with the increase of concentration of NaBH4. Figure 3e displays the TEM image of the CQDs, revealing that the CQDs displays a sphere-like shape and have a diameter of 10-15 nm. From the HRTEM image of 15C/3R-Bi2O3-x ( Figure 3f ), it is found that the CQDs with amorphous feature are decorated on the surface of 3R-Bi2O3-x. The structure of the disordered layer and the inner crystalline phase do not undergo detectable alteration during the hydrothermal decoration process of CQDs.
Morphology Observation
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The energy-dispersive X-ray (EDX) element mapping technique was employed to study the element distribution of the 15C/3R-Bi2O3-x sample. The dark-field scanning TEM (DF-STEM) image of the15C/3R-Bi2O3-x sample is presented in Figure 4a , and its corresponding elemental mappings are displayed in Figure 4b -d. It is found that Bi, O and C elements are uniformly distributed throughout the microparticles, which further demonstrates that the CQDs are decorated on the surface of the 3R-Bi2O3-x. Figure 5 displays the XPS spectra of Bi2O3 and 15C/3R-Bi2O3-x. In the high-resolution XPS spectra of Bi 4f (Figure 5a ), the strong peaks at binding energies of ~164.1 and ~159.2 eV for the two samples Figure 5 displays the XPS spectra of Bi2O3 and 15C/3R-Bi2O3-x. In the high-resolution XPS spectra of Bi 4f (Figure 5a ), the strong peaks at binding energies of ~164.1 and ~159.2 eV for the two samples Figure 5 displays the XPS spectra of Bi 2 O 3 and 15C/3R-Bi 2 O 3-x . In the high-resolution XPS spectra of Bi 4f (Figure 5a ), the strong peaks at binding energies of~164.1 and~159.2 eV for the two samples are assigned to the Bi 4f 5/2 and Bi 4f 7/2 , respectively, demonstrating that Bi ion exhibits +3 oxidation state. The high-resolution XPS spectra of O 1s for Bi 2 O 3 and 15C/3R-Bi 2 O 3-x are displayed in Figure 5b ,c, respectively. The broad signal of O 1s can be fitted into two peaks at~529.8 and~531.0 eV. The peak at 529.8 eV belongs to the lattice oxygen, and another peak at~531.0 eV is ascribed to the chemisorbed oxygen resulting from oxygen vacancies [50, 51] . Generally, the destruction of the long-range order of lattice at the surface of the oxide particles gives rise to the generation of oxygen vacancies. It is found that the peak of oxygen vacancies for the 15C/3R-Bi 2 O 3-x sample is much higher than that of Bi 2 O 3 . This reveals that the NaBH 4 reduction results in more oxygen vacancies at the surface of Bi 2 O 3 . In the XPS spectrum of C 1s for the 15C/3R-Bi 2 O 3-x sample (Figure 5d ), the peak of C 1s can be divided into two peaks at~284.8 and~288.3 eV, belonging to C-C bond with sp 2 orbital and oxygenated carbon, respectively, which demonstrates the existence of CQDs in the composite.
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Optical Absorption Property
It is generally accepted that the physical properties of nanomaterials are highly related to their light absorption characteristics [52, 53] . The UV-vis diffuse reflectance spectra of the Bi2O3 and Bi2O3-x samples are presented in Figure 6a . It is seen that pristine Bi2O3 displays obvious light absorption in the range from 300 to ~450 nm. After the NaBH4 reduction treatment, the light absorbance of the Bi2O3-x samples exhibits a continuous increase with increasing NaBH4 concentration. Figure 6b presents the corresponding first derivative spectra of Figure 6a , where the peak wavelength is determined to be the absorption edge of the samples [54, 55] . The absorption edge of pristine Bi2O3 is found at ~429 nm. Meanwhile, the absorption edges of the Bi2O3-x samples undergo a redshift from ~429 nm to ~441 nm compared with Bi2O3. According to the absorption edges, the band gaps of 
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Photocatalytic Measurement
To explore the photocatalytic degradation performance of the catalysts, the AO7 was selected as a target reactant. Figure 8a presents the photocatalytic degradation curves of AO7 on Bi2O3 and Bi2O3-x samples under simulated sunlight irradiation. Before photocatalytic reaction, the photolysis experiment in the absence of photocatalysts and adsorption experiment in dark were performed. It is found that the self-degradation of AO7 can be negligible after 60 min illumination, and no obvious adsorption of AO7 is detected. During the photocatalytic reaction, about ~54% of AO7 is degraded when using pristine Bi2O3 as the photocatalyst. After the NaBH4 reduction, the degradation efficiency of the dye over the Bi2O3-x samples gradually increases with increasing the NaBH4 concentration, and the optimal degradation efficiency is achieved by the 3R-Bi2O3-x sample, which is Figure 7a ,b presents the UV-vis diffuse reflectance spectra and corresponding first derivative spectra of the 3R-Bi2O3-x and CQDs/Bi2O3-x samples, respectively. In contrast to the 3R-Bi2O3-x sample, the light absorption intensity of CQDs decorated 3R-Bi2O3-x samples remarkably increases with the increase of the CQDs content in the samples. In addition, there is no obvious shift of absorption edge for the CQDs/Bi2O3-x samples compared with 3R-Bi2O3-x, suggesting that the influence of CQDs on the band gap structure of Bi2O3-x can be ignored. 
To explore the photocatalytic degradation performance of the catalysts, the AO7 was selected as a target reactant. Figure 8a presents the photocatalytic degradation curves of AO7 on Bi2O3 and Bi2O3-x samples under simulated sunlight irradiation. Before photocatalytic reaction, the photolysis experiment in the absence of photocatalysts and adsorption experiment in dark were performed. It is found that the self-degradation of AO7 can be negligible after 60 min illumination, and no obvious adsorption of AO7 is detected. During the photocatalytic reaction, about ~54% of AO7 is degraded when using pristine Bi2O3 as the photocatalyst. After the NaBH4 reduction, the degradation efficiency of the dye over the Bi2O3-x samples gradually increases with increasing the NaBH4 concentration, and the optimal degradation efficiency is achieved by the 3R-Bi2O3-x sample, which is 
To explore the photocatalytic degradation performance of the catalysts, the AO7 was selected as a target reactant. Figure 8a presents the photocatalytic degradation curves of AO7 on Bi 2 O 3 and Bi 2 O 3-x samples under simulated sunlight irradiation. Before photocatalytic reaction, the photolysis experiment in the absence of photocatalysts and adsorption experiment in dark were performed. It is found that the self-degradation of AO7 can be negligible after 60 min illumination, and no obvious adsorption of AO7 is detected. During the photocatalytic reaction, about~54% of AO7 is degraded when using pristine Bi 2 O 3 as the photocatalyst. After the NaBH 4 reduction, the degradation efficiency of the dye over the Bi 2 O 3-x samples gradually increases with increasing the NaBH 4 concentration, and the optimal degradation efficiency is achieved by the 3R-Bi 2 O 3-x sample, which is 1.38 times higher than that photodegraded by pure Bi 2 O 3 . With further increase of the NaBH 4 concentration, however, the degradation percentage of the dye over the NaBH 4 -treated Bi 2 O 3-x samples undergoes a remarkable decrease. This can be attributed to the fact that bulk oxygen vacancies may be generated in Bi 2 O 3 after high-concentration NaBH 4 reduction, which usually work as recombination centers of photoinduced charges. Figure 8b shows the UV-vis absorption spectra of AO7 solution over the 3R-Bi 2 O 3-x sample during photocatalytic process, indicating that the intensity of characteristic peak for AO7 reduces with increasing the irradiation time. To further demonstrate the intrinsic photocatalytic property of Bi 2 O 3-x sample, phenol is employed as another colorless target pollutant to evaluate the photocatalytic degradation activity of Bi 2 O 3 and 3R-Bi 2 O 3-x sample [56, 57] , as presented in Figure 8c . The photolysis experiment suggests that almost no degradation of phenol is observed in the absence catalysts under simulated sunlight irradiation. It is found that the introduction of Bi 2 O 3 leads to phenol degradation percentage of~21%. When 3R-Bi 2 O 3-x sample is used as photocatalyst, the degradation percentage of phenol undergoes an obvious increase, and about 42% of phenol is degraded after 60 min irradiation. This reveals that the degradation of dye over Bi 2 O 3-x sample is mainly ascribed to its intrinsic photocatalytic activity instead of dye sensitization. Considering the practical application of photocatalysts, it is necessary to clarify the photocatalytic reusability of the Bi 2 O 3-x samples. Figure 8d shows the recycling photocatalytic degradation activity of 3R-Bi 2 O 3-x for the degradation of AO7 under simulated sunlight irradiation. It is observed that the 3R-Bi 2 O 3-x sample possesses good photocatalytic reusability with the degradation percentage of the dye remaining at over~70% after 3 successive cycles.
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1.38 times higher than that photodegraded by pure Bi2O3. With further increase of the NaBH4 concentration, however, the degradation percentage of the dye over the NaBH4-treated Bi2O3-x samples undergoes a remarkable decrease. This can be attributed to the fact that bulk oxygen vacancies may be generated in Bi2O3 after high-concentration NaBH4 reduction, which usually work as recombination centers of photoinduced charges. Figure 8b shows the UV-vis absorption spectra of AO7 solution over the 3R-Bi2O3-x sample during photocatalytic process, indicating that the intensity of characteristic peak for AO7 reduces with increasing the irradiation time. To further demonstrate the intrinsic photocatalytic property of Bi2O3-x sample, phenol is employed as another colorless target pollutant to evaluate the photocatalytic degradation activity of Bi2O3 and 3R-Bi2O3-x sample [56, 57] , as presented in Figure 8c . The photolysis experiment suggests that almost no degradation of phenol is observed in the absence catalysts under simulated sunlight irradiation. It is found that the introduction of Bi2O3 leads to phenol degradation percentage of ~21%. When 3R-Bi2O3-x sample is used as photocatalyst, the degradation percentage of phenol undergoes an obvious increase, and about 42% of phenol is degraded after 60 min irradiation. This reveals that the degradation of dye over Bi2O3-x sample is mainly ascribed to its intrinsic photocatalytic activity instead of dye sensitization. Considering the practical application of photocatalysts, it is necessary to clarify the photocatalytic reusability of the Bi2O3-x samples. Figure 8d shows the recycling photocatalytic degradation activity of 3R-Bi2O3-x for the degradation of AO7 under simulated sunlight irradiation. It is observed that the 3R-Bi2O3-x sample possesses good photocatalytic reusability with the degradation percentage of the dye remaining at over ~70% after 3 successive cycles. The simulated-sunlight-driven photocatalytic degradation performances of the CQDs/Bi2O3-x samples are shown Figure 9a . Figure 9b displays the UV-vis absorption spectra of AO7 with the increase of simulated sunlight irradiation time using the 15C/3R-Bi2O3-x sample as photocatalyst. It is seen that all the CQDs/3R-Bi2O3-x samples have higher photocatalytic activities than 3R-Bi2O3-x, and the AO7 degradation percentage closely correlates with the content of CQDs in the composites. The degradation percentage of AO7 first increases with the raise of CQDs content, then slightly decreases with further raise of CQDs content. Among them, the 15C/3R-Bi2O3-x sample presents an optimal photocatalytic activity. This result is mainly because excessive CQDs covering on the surface of 3R-Bi2O3-x particles are more likely to shield 3R-Bi2O3-x from light absorption. The photocatalytic degradation of AO7 over Bi2O3, 3R-Bi2O3-x and 15C/3R-Bi2O3-x sample under NIR light irradiation is also investigated, as shown in Figure 9c . Figure 9d presents the UV-vis absorption spectra of AO7 with the increase of NIR light irradiation time over the 15C/3R-Bi2O3-x sample. It is found that the degradation of the dye over pristine Bi2O3 and 3R-Bi2O3-x is negligible because they cannot be excited by NIR light (as evidenced by Figure 6a ). Whereas the 15C/3R-Bi2O3-x sample exhibits obvious NIR-light-driven photocatalytic activity under same conditions, which is mainly caused by the decoration of CQDs. The intrinsic photocatalytic property of CQDs/3R-Bi2O3-x sample is also investigated. Figure 9e 
Photogenerated Charges Performance
The photogenerated charge separation of the samples was examined by photoelectrochemical measurements. Figure 10a displays the photocurrent response plots of the composites with intermittent on/off cycles of simulated sunlight illumination. The reproducible photocurrent response curves can be detected in each on-off cycle. It is found that Bi 2 O 3 exhibits low photocurrent density, and the photocurrent of the 3R-Bi 2 O 3-x sample is much higher than that of Bi 2 O 3 . This suggests the effective separation of photogenerated charges in the Bi 2 O 3-x sample. Compared with Bi 2 O 3 and 3R-Bi 2 O 3-x , the 15C/3R-Bi 2 O 3-x sample possesses the highest photocurrent density, indicating that separation of photogenerated charges can be further promoted by the decoration of CQDs. Figure 10b displays the EIS spectra of Bi 2 O 3 , 3R-Bi 2 O 3-x and 15C/3R-Bi 2 O 3-x . The smaller semicircle radius is observed for the 15C/3R-Bi 2 O 3-x sample, suggesting that it exhibits the lowest interface charge-transfer resistance [58, 59] .
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Photocatalytic Mechanism
To clarify the photocatalytic mechanism, the active species involved in the photocatalytic degradation process were evaluated by trapping experiments [60, 61] . Figure 11a shows the effect of AgNO3 (scavenger for electrons; e − ), ethanol (scavenger for hydroxyl radicals; •OH), EDTA (scavenger for holes; h + ), KI (scavenger for hydroxyl radicals and holes) and N2 purging on the AO7 degradation over the 15C/3R-Bi2O3-x sample under simulated sunlight irradiation. In addition, the N2 purging frequently used to expel the O2 molecules dissolved in reaction solution, and therefore the effect of superoxide (•O2 − )and/or hydrogen peroxide (H2O2), which are derived from the reaction 
To clarify the photocatalytic mechanism, the active species involved in the photocatalytic degradation process were evaluated by trapping experiments [60, 61] . Figure 11a shows the effect of AgNO 3 (scavenger for electrons; e − ), ethanol (scavenger for hydroxyl radicals; •OH), EDTA (scavenger for holes; h + ), KI (scavenger for hydroxyl radicals and holes) and N 2 purging on the AO7 degradation over the 15C/3R-Bi 2 O 3-x sample under simulated sunlight irradiation. In addition, the N 2 purging frequently used to expel the O 2 molecules dissolved in reaction solution, and therefore the effect of superoxide (•O 2 − )and/or hydrogen peroxide (H 2 O 2 ), which are derived from the reaction between dissolved O 2 and photogenerated electrons, on the photocatalytic reaction can be determined. The degradation efficiency of AO7 is about~97% in the absence of scavengers, which decreases to 3.5%, 48%,~55%,~81% and~88% with the introduction of KI, ethanol, EDTA, AgNO 3 and N 2 purging, respectively. This reveals that •OH and h + are the major active species responsible for the degradation of dye. On the other hand, e − , •O 2 − and/or H 2 O 2 play relatively minor role in the photocatalytic reaction. The photocatalytic degradation activity of the 15C/3R-Bi 2 O 3-x sample with the addition of different scavengers under NIR light irradiation is presented in Figure 11b . One can see that •OH and h + also exhibit remarkable role during the photocatalytic process.
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where C is the space charge capacitance, e, εг and ε0 are the electron charge, relative permittivity and vacuum permittivity, respectively, Nd, A, V, VFB, k, and T are the majority carrier density, electrode surface area, applied potential, flat band potential, Boltzmann constant and absolute temperature, respectively. In this work, the space charge capacitance of 3R-Bi2O3-x is tested though the electrochemical impedance measurement. The M-S curve of 3R-Bi2O3-x tested at 1000 Hz is presented in Figure 12 , from which the flat band potential (VFB) can be estimated, by extrapolating the linear portion of the curves to the potential axis, to be 2.51 V vs. SCE (3.17 V vs. NHE). Moreover, the negative slope of the M-S curve reveals that Bi2O3-x is a p-type semiconductor, which is agree with previous reports [64, 65] . Generally, it has been demonstrated that the top edge of the VB is very close to the flat band potential, and the gap between them can be neglected [66] . As a result, the conduction band (CB) and valence band (VB) potentials of the 3R-Bi2O3-x can be calculated to be +0.34 and +3.17 V vs. NHE, respectively. To clarify the catalytic mechanism of photocatalysts, it is necessary to estimate their energy-band potentials. The energy-band structure of 3R-Bi 2 O 3-x was investigated through Mott-Schottky (M-S) measurement as described in the literature [62, 63] , and its flat band potential was estimated according to the Mott-Schottky formula:
where C is the space charge capacitance, e, ε r and ε 0 are the electron charge, relative permittivity and vacuum permittivity, respectively, N d , A, V, V FB , k, and T are the majority carrier density, electrode surface area, applied potential, flat band potential, Boltzmann constant and absolute temperature, respectively. In this work, the space charge capacitance of 3R-Bi 2 O 3-x is tested though the electrochemical impedance measurement. The M-S curve of 3R-Bi 2 O 3-x tested at 1000 Hz is presented in Figure 12 , from which the flat band potential (V FB ) can be estimated, by extrapolating the linear portion of the curves to the potential axis, to be 2.51 V vs. SCE (3.17 V vs. NHE). Moreover, the negative slope of the M-S curve reveals that Bi 2 O 3-x is a p-type semiconductor, which is agree with previous reports [64, 65] .
Generally, it has been demonstrated that the top edge of the VB is very close to the flat band potential, and the gap between them can be neglected [66] . As a result, the conduction band (CB) and valence band (VB) potentials of the 3R-Bi 2 O 3-x can be calculated to be +0.34 and +3.17 V vs. NHE, respectively. Figure 13a shows the simulated-sunlight-driven photocatalytic mechanism of the 15C/3R-Bi2O3-x sample for the degradation of the dye. Under the irradiation of simulated sunlight, the electrons in the VB of Bi2O3 can be excited to its CB, leading to the generation of photogenerated electrons and holes. It is known that a great deal of photogenerated charges tend to recombine during the migration process, giving raise to the reduction of photocatalytic efficiency. After the introduction of surface oxygen vacancies on Bi2O3 through NaBH4 reduction, they can act as excellent electron donors to promote an efficient migration and separation of photogenerated charges, thus leading to the improvement of photocatalytic efficiency [33] . On the other hand, the surface vacancy states are always introduced into the band gap of Bi2O3, which is beneficial to narrow the band gap and broaden photoresponse region (as evidence by Figure 6b) .
Meanwhile, the CQDs decorated on the surface of the Bi2O3-x can be also excited to generate photoexcited electrons, and the excited CQDs are known to be the electron acceptors and dye adsorption sites [38, 39] . As a result, the photogenerated electrons of CQDs can transfer to the CB of Bi2O3-x, inversely the photogenerated etrapped by the surface oxygen vacancies of the Bi2O3-x will transfer to CQDs. In this process, the migration and separation of photoexcited charges can be further promoted. More importantly, it is generally accepted that CQDs are an outstanding up-converted photoluminescence material. The up-converted PL spectra of obtained CQDs under the excitation wavelength > 800 nm (NIR light range) are shown in Figure 13b . It is observed that the up-converted emissions are located at shorter wavelengths in the range of 300-650 nm. As shown in Figure 6a , the 3R-Bi2O3-x can effectively response to the light with the wavelength shorter than ~450 nm. As a result, a part of the up-converted emissions of CQDs can in turn excite Bi2O3-x to generate additional photoexcited charges, further extending the photoresponse range of Bi2O3 to the NIR light region.
In addition, the redox ability of photoinduced charges is thought to be another crucial parameter for understanding the photocatalytic mechanism. Based on the M-S investigation, the CB and VB potentials of the as-prepared 3R-Bi2O3-x sample are evaluated to be +0.34 and +3.17 V vs. NHE, respectively. It is demonstrated that the photogenerated holes of the Bi2O3-x exhibits high photocatalytic oxidation ability for the degradation of dyes due to its deep valence band. Furthermore, the VB potential of the Bi2O3-x is positive to the redox potential of OH − /•OH (+1.99 V vs. NHE) [67, 68] , indicating the VB holes of Bi2O3-x can react with OH − to generate •OH. On the other hand, the CB potential of 3R-Bi2O3-x sample is positive to the redox potential of O2/•O2 − (0.13 V vs. NHE), but negative to that of O2/H2O2 (+0.695 vs. NHE). This indicates that the photogenerated e − can reduce O2 to generate H2O2 instead of •O2 − . Furthermore, the role of photogenerated electrons of Bi2O3-x for the degradation of dye is also demonstrated. Figure 13c shows the NIR-light-driven photocatalytic mechanism of the 15C/3R-Bi2O3-x sample for the degradation of dye. Under illumination of NIR light, only CQDs in the 15C/3R-Bi2O3-x sample can be excited because Bi2O3-x cannot absorb NIR light (>800 nm). The photogenerated charges migration and up-converted excitation of CQDs in this process are similar to those with the Figure 13a shows the simulated-sunlight-driven photocatalytic mechanism of the 15C/3R-Bi 2 O 3-x sample for the degradation of the dye. Under the irradiation of simulated sunlight, the electrons in the VB of Bi 2 O 3 can be excited to its CB, leading to the generation of photogenerated electrons and holes. It is known that a great deal of photogenerated charges tend to recombine during the migration process, giving raise to the reduction of photocatalytic efficiency. After the introduction of surface oxygen vacancies on Bi 2 O 3 through NaBH 4 reduction, they can act as excellent electron donors to promote an efficient migration and separation of photogenerated charges, thus leading to the improvement of photocatalytic efficiency [33] . On the other hand, the surface vacancy states are always introduced into the band gap of Bi 2 O 3 , which is beneficial to narrow the band gap and broaden photoresponse region (as evidence by Figure 6b ).
Meanwhile, the CQDs decorated on the surface of the Bi 2 O 3-x can be also excited to generate photoexcited electrons, and the excited CQDs are known to be the electron acceptors and dye adsorption sites [38, 39] . As a result, the photogenerated electrons of CQDs can transfer to the CB of Bi 2 O 3-x , inversely the photogenerated etrapped by the surface oxygen vacancies of the Bi 2 O 3-x will transfer to CQDs. In this process, the migration and separation of photoexcited charges can be further promoted. More importantly, it is generally accepted that CQDs are an outstanding up-converted photoluminescence material. The up-converted PL spectra of obtained CQDs under the excitation wavelength > 800 nm (NIR light range) are shown in Figure 13b . It is observed that the up-converted emissions are located at shorter wavelengths in the range of 300-650 nm. As shown in Figure 6a , the 3R-Bi 2 O 3-x can effectively response to the light with the wavelength shorter than~450 nm. As a result, a part of the up-converted emissions of CQDs can in turn excite Bi 2 O 3-x to generate additional photoexcited charges, further extending the photoresponse range of Bi 2 O 3 to the NIR light region.
In addition, the redox ability of photoinduced charges is thought to be another crucial parameter for understanding the photocatalytic mechanism. Based on the M-S investigation, the CB and VB potentials of the as-prepared 3R-Bi 2 O 3-x sample are evaluated to be +0. 34 
Materials and Methods
Fabrication of CQDs
The CQDs were obtained through a hydrothermal route. Glucose (1 g) was dissolved into distilled water (80 mL) to obtain a homogeneous solution. Then, the solution was treated under a hydrothermal condition (180 • C, 4 h). After that, the solution was given a filter treatment, and then a reddish-brown CQDs suspension was obtained.
Fabrication of CQDs/Bi 2 O 3-x Composites
The synthesis of CQDs/Bi 2 O 3-x composites was achieved in three steps, as shown in Figure 14 . Firstly, the Bi 2 O 3 was obtained through a polyacrylamide gel route. A certain amount (0.015 mol) of Bi(NO 3 ) 3 •5H 2 O was introduced into the dilute nitric acid solution (20 mL). Under magnetic stirring, EDTA (0.0225 mol), glucose (20 g) and acrylamide (0.135 mol) were dissolved in above solution, and then a certain volume (~65 mL) of distilled water was added to make a total volume of 100 mL. After that, the mixture was heated at 80 • C to obtain gel. The gel was dried at 120 • C for 24 h, and then heat-treated at 650 • C for 3 h to yield Bi 2 O 3 . Secondly, the Bi 2 O 3-x sample was prepared by a NaBH 4 reduction route. CQDs excited by different wavelengths; (c) A possible photocatalytic mechanism of AO7 degradation over the 15C/3R-Bi2O3-x sample under NIR light irradiation.
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The CQDs were obtained through a hydrothermal route. Glucose (1 g) was dissolved into distilled water (80 mL) to obtain a homogeneous solution. Then, the solution was treated under a hydrothermal condition (180 °C, 4 h). After that, the solution was given a filter treatment, and then a reddish-brown CQDs suspension was obtained.
Fabrication of CQDs/Bi2O3-x Composites
The synthesis of CQDs/Bi2O3-x composites was achieved in three steps, as shown in Figure 14 . Firstly, the Bi2O3 was obtained through a polyacrylamide gel route. A certain amount (0.015 mol) of Bi(NO3)3•5H2O was introduced into the dilute nitric acid solution (20 mL). Under magnetic stirring, EDTA (0.0225 mol), glucose (20 g) and acrylamide (0.135 mol) were dissolved in above solution, and then a certain volume (~65 mL) of distilled water was added to make a total volume of 100 mL. After that, the mixture was heated at 80 °C to obtain gel. The gel was dried at 120 °C for 24 h, and then heat-treated at 650 °C for 3 h to yield Bi2O3. Secondly, the Bi2O3-x sample was prepared by a NaBH4 reduction route. The Bi2O3 was introduced into NaBH4 solution with certain concentration (1, 1.5, 3 and 6 mmol/L) in ice-water bath under constant magnetic stirring. After reaction for 10 min, the Bi2O3-x sample was centrifuged, washed and then dried at 60 °C for 4 h. By changing the NaBH4 concentration (1, 1.5, 3 and 6 mmol/L), different reduced samples of 1R-Bi2O3-x, 1.5R-Bi2O3-x, 3R-Bi2O3-x and 6R-Bi2O3-x were obtained. Thirdly, a hydrothermal method was employed to prepare the CQDs/Bi2O3-x composites. 0.1 g of the 3R-Bi2O3-x sample was added into distilled water (70 mL), followed by magnetic stirring for 0.5 h. Subsequently, a certain volume of CQDs suspension was dropped into above mixture. After that, the solution was transferred into the Teflon-lined autoclave, which was hydrothermally treated at 130 °C for 4 h. The sample was obtained by centrifugation, washed, and then dried at 60 °C for 4 h to yield the CQDs/Bi2O3-x composites. To study the impact of the CQDs content on the photocatalytic performance of the composites, a series of the CQDs/Bi2O3-x composites were obtained by adjusting the volumes of CQDs suspension (5, 10, 15 and 30 mL), and the samples were correspondingly named as 5C/3R-Bi2O3-x, 10C/3R-Bi2O3-x, 15C/3R-Bi2O3-x and 30C/3R-Bi2O3-x. 
Photocatalytic Measurement
The photocatalytic performances of the composites were examined toward the degradation of AO7 and phenol under simulated sunlight (300-W xenon lamp) and NIR light (300-W xenon lamp with a 800 nm cut-off filter) irradiation. In a typical photocatalytic process, 0.1 g of the catalysts was introduced into AO7 or phenol solution (200 mL, 5 mg/L). After 0.5 h magnetic stirring in dark, an adsorption-desorption equilibrium between sample and dye was achieved. Subsequently, the light source was turned on to start photocatalytic reaction. In the photocatalytic process, 3 mL of reaction solution was taken and centrifuged to separate the catalyst. The AO7 or phenol concentration of the reaction solution was obtained by an ultraviolet-visible (UV-vis) spectrophotometer at λ AO7 = 484 nm and λ phenol = 270 nm. To study the photocatalytic stability of the samples, the recycling photocatalytic degradation experiments were performed. After each photocatalytic experiment, the catalysts were collected and recovered by washing with deionized water and drying. The recovered catalysts were used to degrade the new AO7 solution under the same conditions. For the radical-trapping experiment, AgNO 3 (2 mmol/L), ethanol (10% by volume), KI (2 mmol/L), EDTA (2 mmol/L) and N 2 purging (0.1 L/min) were separately introduced into the reaction solution under the same photocatalytic conditions.
Characterization
X-ray powder diffraction (XRD) and Fourier transform infrared spectroscopy (FTIR) were used to examine the phase purity and functional groups of the as-prepared photocatalysts. The XRD and FTIR investigation were performed on a D8 Advance X-ray diffractometer (Bruker AXS, Karlsruhe, Germany) and a Spectrum Two FTIR spectrophotometer (PerkinElmer, Waltham, MA, USA), respectively. Field-emission transmission electron microscopy (TEM) was employed to observe the morphology and microstructure of the photocatalysts on a JEM-1200EX transmission electron microscope (JEOL Ltd., Tokyo, Japan). The X-ray photoelectron spectroscopy (XPS) was employed to determine the chemical states of the surface elements for the photocatalysts on a PHI-5702 multi-functional X-ray photoelectron spectrometer (Physical Electronics, Chanhassen, MN, USA). The photoluminescence (PL) spectra of the photocatalysts were obtained by a fluorescence spectrophotometer (Shimadzu, Kyoto, Japan). The UV-vis diffuse reflectance spectra of the photocatalysts were determined by a TU-1901 double beam UV-Vis spectrophotometer (Beijing Purkinje General Instrument Co. Ltd., Beijing, China) with BaSO 4 as a reference. The electrochemical workstation (CHI 660C, Shanghai Chenhua Instrument Co. Ltd., Shanghai, China) with a three-electrode system was adopted to achieve the transient photocurrent response and electrochemical impedance spectroscopy (EIS) measurements. The working electrode preparation and measurement procedures were the same as those previously reported [3] . The photocurrent response test was performed under the irradiation of simulated sunlight (300-W xenon lamp).
Conclusions
The Bi 2 O 3-x with surface oxygen vacancies was prepared via a NaBH 4 reduction route. Then, the CQDs were successfully deposited onto the surface of Bi 2 O 3-x to prepare the CQDs/Bi 2 O 3-x composites. The photocatalytic AO7 degradation experiments confirm that the simulated-sunlight-driven photocatalytic performances of the samples are closely related to the concentration of NaBH 4 and content of CQDs. The introduction of surface oxygen vacancies effectively improves the photocatalytic activity of Bi 2 O 3 under simulated sunlight irradiation. Moreover, the photocatalytic efficiency of the Bi 2 O 3-x can be further enhanced by the decoration of CQDs, and the highest AO7 degradation percentage of~97% has been achieved over the 15C/3R-Bi 2 O 3-x sample within 60 min simulated sunlight irradiation. The NIR-light-driven photocatalytic activity of the CQDs/Bi 2 O 3-x samples is also found. The •OH and h + play a significant role in the simulated-sunlight and NIR-light-driven photocatalytic reaction over the CQDs/Bi 2 O 3-x composites. The surface oxygen vacancies of the Bi 2 O 3-x can act as electrons acceptors, which inhibits the recombination of photogenerated charges. Moreover, the surface oxygen-vacancy states can narrow the band gap of Bi 2 O 3 . On the other hand, the separation and transference of photogenerated charges can be further enhanced due to the good electrical conductivity of CQDs. The outstanding up-converted photoluminescence property of CQDs enables the CQDs/Bi 2 O 3-x composites to make use of NIR light and extend the photoresponse region of Bi 2 O 3 . As a result, the synergistic effect of surface oxygen vacancies and CQDs lead to the excellent photocatalytic activity of the CQDs/Bi 2 O 3-x composites.
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